Membrane lipid phase transitions and phase organization studied by Fourier transform infrared spectroscopy  by Lewis, Ruthven N.A.H. & McElhaney, Ronald N.
Biochimica et Biophysica Acta 1828 (2013) 2347–2358
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemReview
Membrane lipid phase transitions and phase organization
studied by Fourier transform infrared spectroscopy☆
Ruthven N.A.H. Lewis, Ronald N. McElhaney ⁎
Department of Biochemistry, School of Translational Medicine, Faculty of Medicine & Dentistry, University of Alberta, Edmonton, Alberta, Canada T6G 2 H7☆ This article is part of a Special Issue entitled: FTIR in m
studies.
⁎ Corresponding author. Tel.: +1 780 492 2413; fax:
E-mail address: rmcelhan@ualberta.ca (R.N. McElhan
0005-2736/$ – see front matter © 2012 Elsevier B.V. All
http://dx.doi.org/10.1016/j.bbamem.2012.10.018a b s t r a c ta r t i c l e i n f oArticle history:
Received 17 September 2012
Accepted 14 October 2012
Available online 22 October 2012
Keywords:




Phase structureFourier transform infrared (FTIR) spectroscopy is a powerful yet relatively inexpensive and convenient tech-
nique for studying the structure and organization of membrane lipids in their various polymorphic phases.
This spectroscopic technique yields information about the conformation and dynamics of all regions of the
lipid molecule simultaneously without the necessity of introducing extrinsic probes. In this review, we sum-
marize some relatively recent FTIR spectroscopic studies of the structure and organization primarily of fully
hydrated phospholipids in their biologically relevant lamellar crystalline, gel and liquid–crystalline phases,
and show that interconversions between these bilayer phases can be accurately monitored by this technique.
We also brieﬂy discuss how the structure and organization of potentially biologically relevant nonlamellar
micellar or reversed hexagonal lipid phases can be studied and how phase transitions between lamellar
and nonlamellar phases, or between various nonlamellar phases, can be followed as well. In addition, we dis-
cuss the potential for FTIR spectroscopy to yield fairly high resolution structural information about phospho-
lipid packing in lamellar crystalline or gel phases. Finally, we show that many, but not all of these FTIR
approaches can also yield valuable information about lipid–protein interactions in membrane protein- or
peptide-containing lipid membrane bilayer model or even in biological membranes. This article is part of a
Special Issue entitled: FTIR in membrane proteins and peptide studies.
© 2012 Elsevier B.V. All rights reserved.Contents1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2347
2. Studies of lipid phase transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2348
2.1. Hydrocarbon chain-melting phase transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2348
2.1.1. C\H stretching vibrational modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2348
2.1.2. CH2 deformation, CH2 wagging and CH2 rocking vibrational modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2349
2.2. Phase transitions involving nonlamellar lipid phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2350
2.3. Phase transitions involving crystalline lipid phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2350
3. Structural characterization of liquid-crystalline phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2351
3.1. Estimation of per-chain conformer concentrations in melted hydrocarbon chains . . . . . . . . . . . . . . . . . . . . . . . . . . 2351
3.2. Distribution of chain conformers along lipid hydrocarbon chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2352
4. Structural characterization of crystalline and quasi-crystalline phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2353
4.1. Lateral packing of lipid hydrocarbon chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2353
4.2. Studies of the polar–apolar interfaces of lipid aggregates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2354
4.3. Interactions between lipid polar headgroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2356
5. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2356
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2357
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2357
8embrane proteins and peptide
+1 780 492 0886.
ey).
rights reserved.
2348 R.N.A.H. Lewis, R.N. McElhaney / Biochimica et Biophysica Acta 1828 (2013) 2347–23581. Introduction
This Special Issue is devoted to Fourier transform infrared (FTIR)
spectroscopic studies of membrane proteins and peptides. However,
the polypeptide chains of integral membrane-associated proteins tra-
verse the host lipid or at least penetrate into its hydrophobic core,
while the polypeptide chains of peripheral membrane proteins are
bound to the surface of the lipid bilayer by electrostatic interactions
[1]. Moreover, amphitropic proteins are reversibly associated with the
lipid bilayer by virtue of reversible lipid modiﬁcations [1]. In addition,
interactions of membrane proteins and peptides with lipid bilayers of
appropriate composition, structure and physical properties are required
for proper protein insertion and folding [2], and for optimal protein
stability, activity and regulation [3–5]. Therefore, an understanding of
lipid–protein interactions is crucial to understanding the structure, dy-
namics and function of membrane-associated proteins and peptides in
lipid model and in biological membranes. However, in order to study
lipid–protein interactions rigorously, a detailed knowledge of the struc-
ture and organization of the host lipid bilayer itself, which is the central
organizing structure of biological membranes, is required. In this re-
view, we discuss how FTIR spectroscopy can be utilized to study lipid
phase structure and organization, and lipid phase transitions, in lipid
model membrane systems. We also discuss brieﬂy how this technique
can be extended to study lipid phase structure and organization in
membrane protein- or peptide-containing lipid bilayers and, in favor-
able circumstances, in biological membranes. Other contributions in
this Special Issue will examine how the presence of various membrane
proteins or peptides inﬂuences the structure and dynamics of the host
lipid bilayer and vice versa.
2. Studies of lipid phase transitions
Membrane lipids are invariably polymorphic, that is, they can
exist in a variety of different kinds of organized structures, especially
when hydrated. The particular polymorphic form that predominates
depends not only on the structure of the lipid molecule itself and on
its degree of hydration, but also on such variables as temperature,
pressure, ionic strength and pH (see [6,7]). However, under physio-
logically relevant conditions, most (but not all) membrane lipids
exist in the lamellar or bilayer phase, usually in the lamellar liquid–
crystalline but sometimes in the lamellar gel phase. It is not surpris-
ing, therefore, that the lamellar gel (Lβ) to lamellar liquid–crystalline
(Lα) chain-melting phase transition has been the most intensively
studied lipid phase transition. This cooperative phase transition in-
volves the conversion of a relatively ordered gel-state bilayer, in
which the hydrocarbon chains exist predominantly in their rigid,
extended, all-trans conformation, to a relatively disordered liquid–
crystalline bilayer, in which the hydrocarbon chains contain a number
of gauche conformers and the lipid molecules exhibit greatly in-
creased rates and amplitudes of intra- and intermolecular motion.
The gel to liquid–crystalline phase transition is accompanied by a pro-
nounced lateral expansion and a concomitant decrease in the thick-
ness of the bilayer, and by a small increase in the total volume
occupied by the lipid molecules. As well, the number of water mole-
cules bound to the surfaces of the lipid bilayer increases upon hydro-
carbon chain melting.
Gel to liquid–crystalline phase transitions can be induced by
changes in temperature and hydration, as well as by changes in pres-
sure and in the ionic strength or pH of the aqueous phase. We will
concentrate here on thermally induced (thermotropic) phase transi-
tions, because these have been most extensively studied and are of
direct biological relevance, particularly for organisms that cannot
regulate their own temperature. We will not deal in detail with
hydration-induced (lyotropic) and pressure-induced (barotropic)
phase transitions, although these may also be biologically rele-
vant under special environmental circumstances, nor with phasetransitions induced by alterations in pH and in the nature and quan-
tity of ions present in the aqueous phase surrounding the bilayer, al-
though these transitions may also be of importance in living cells. The
interested reader is referred to reviews which cover these topics
[6–8].
Pure synthetic lipids often exhibit gel-state polymorphism, and
phase transitions between various forms of the gel-state bilayer can
occur. Although gel-state polymorphism does not seem to occur in
the heterogeneous collection of lipid molecular species found in bio-
logical membranes, except in exceptional circumstances [9], it can
occur or be induced in synthetic lipid bilayers containing membrane
proteins or peptides, and thus will also be discussed here. Moreover,
certain synthetic or naturally occurring lipid species can exist in
liquid–crystalline nonlamellar phases, especially one-dimensional
normal micellar phases or three-dimensional reversed cubic and
hexagonal phases. Although the actual existence of nonbilayer lipid
phases in biological membranes has never been demonstrated
under physiological conditions, there is evidence to suggest that
lipid species that, in isolation, may form nonlamellar phases may
have important roles to play in the liquid–crystalline bilayers found
in essentially all biological membranes. The transitions between la-
mellar and nonlamellar lipid phases have been reviewed by us and
others [see 7 and references cited therein] and will also be discussed
brieﬂy in this review. For additional information on the applications
of FTIR spectroscopy in the study of lipid phase transitions and lipid
phase structure, the reader is referred to previous reviews by our-
selves [10–12] and others [13,14].
2.1. Hydrocarbon chain-melting phase transitions
The Lβ to Lα chain-melting phase transition of hydrated lipid bilay-
ers results in large decreases in molecular order and large increases in
the dynamics and conformational freedom of these lipid assemblies. If
the hydrocarbon chain-melting process proceeds from a more or-
dered lamellar crystalline (Lc) phase to the Lα phase, or from an Lβ
phase to a slightly more disordered liquid–crystalline nonlamellar
normal micelle or reversed cubic or hexagonal phase, even larger
increases in the rates and amplitudes of the conformational freedom
of the lipid molecules results. Thus hydrocarbon chain-melting
phase transitions are accompanied by the broadening of all IR-active
bands and by an overall decrease in their amplitudes (Fig. 1). Howev-
er, although these changes in band width and intensity are reliable in-
dicators of the conversion of an ordered to a disordered lipid
assembly due to hydrocarbon chain melting, they do not of them-
selves provide enough structural information to reliably determine
the detailed structures of either the low temperature or high temper-
ature phase, and thus the nature of the chain-melting phase transi-
tion being monitored.
Hydrocarbon chain-melting phase transitions involve the onset of
rapid trans–gauche rotational isomerism about the C\C bonds of
all-trans polymethylene chains. As the properties of IR-active bands em-
anating from the fundamental vibrations of hydrocarbon chain CH2
groups (i.e. the C\H stretching, CH2 wagging and CH2 rocking modes)
are ultimately determined by the trans–gauche rotamer content of the
hydrocarbon chains, these bands are therefore very sensitive indicators
of hydrocarbon chain-melting phase transitions. These spectral parame-
ters are highly speciﬁc and, as outlined below, they can also be used to
obtain structural information about lipid hydrocarbon chain conforma-
tional order in the liquid–crystalline state.
2.1.1. C\H stretching vibrational modes
The methylene symmetric stretching (sνCH2 ) and methylene anti-
symmetric stretching (asνCH2 ) vibrations give rise to IR-active bands
centered near 2850 cm−1 and 2920 cm−1, respectively. The conforma-
tional disordering of an all-trans polymethylene chain is accompanied
by an upward shift in the s νCH2 and as νCH2 IR band maxima by
Fig. 1. Stacked plots illustrating FTIR spectroscopic detection of the thermotropic phase
transitions exhibited by dimyristoylphosphatidylserine dispersed in a D2O-based aqueous
buffer. The spectra shown in each panel were acquired between 6 °C (top spectrum) and
42 °C (bottom spectrum). The panels show the spectroscopic changes occurring in (A) the
C\H stretching (A), the CH2 deformation (B) and the C_O stretching (C) regions of the IR
spectrum.
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of the overall band envelope (Fig. 1). These changes reﬂect the in-
creases in hydrocarbon chain conformational disorder and mobility
that occur with the onset of gauche rotamer formation and the con-
comitant decline in the number of all-trans rotamers present upon
chain melting [15]. Although the 2920 and 2850 cm−1 IR absorption
bands can both be used to monitor hydrocarbon chain-melting phase
transitions, the 2920 cm−1 band is rarely used in practice. This is be-
cause the (asνCH2 ) band contains signiﬁcant overlapping contributions
from CH3 groups, and depending on the nature of the solid phase of
the lipid, it may even be perturbed by Fermi resonance interactions
with the ﬁrst overtones of the CH2 scissoring vibration as well. The IR
band near 2850 cm−1 is usually less perturbed by such effects and
under most circumstances arises predominantly from the symmetric
C\H stretching vibrations of the CH2 groups. Thus, as long as lipid hy-
drocarbon chains are the predominant source of CH2 groups in the
sample, the sνCH2 band can be effectively used for the IR detection of
lipid hydrocarbon chain-melting phase transitions and, to some extent,
for semi-quantitative characterizations of concomitant changes in hy-
drocarbon chain conformational disorder [10–14]. However, CH2
groups on proteins and peptides in lipid bilayers will also contribute
to these CH2 absorption bands and this may affect the capacity of this
marker band to monitor and characterize the lipid chain-melting
phase transition accurately. Nevertheless, provided that the overall
contribution of the proteins/peptides to the total population of CH2
groups is small and/or that conformational changes in the membrane
protein do not occur within the temperature range of the lipid phase
transition, the lipid chain-melting process may still be monitoredwith reasonable accuracy. However, the absolute frequency of the
C\H stretching band can no longer be utilized to estimate the relative
degree of lipid hydrocarbon chain disorder in the liquid–crystalline
state. An alternative in this case is to utilize hydrocarbon
chain-perdeuterated lipid and monitor the C\D stretching bands.
FTIR spectroscopic and other studies have shown that the incorpora-
tion of integral membrane proteins and peptides into single- or
two-component model lipid bilayers markedly disorders the lipid gel
phase, while having variable but much smaller effects on the conforma-
tion and dynamics of the liquid–crystalline phase. Thus, the Lβ/Lα phase
transition temperature is reduced, as is the cooperativity of the lipid
phase transition. The magnitude of the changes in the frequency and
width of the sνCH2band are therefore reduced and these changes also
occur over a wider temperature range. Thus, some care must be taken
to accurately monitor the Lβ/Lα phase transition in protein- or
peptide-containing lipid model membranes. However, by incorporating
proteins or peptides into a mixture of two different phospholipids, only
one of which contains perdeuterated hydrocarbon chains, the selectivity
of lipid/protein interactions can be investigated, since the changes in the
phase behavior and organization of each lipid component can be followed
independently. In this regard,Moore et al.were even able to apply this ap-
proach to monitor the phase behavior and relative conformational order
of hydrocarbon chain-perdeuterated dimyristoylphosphatidylcholine
(DMPC) and dimyristoylphosphatidylserine incorporated into the outer
and inner monolayers, respectively, of the lipid bilayer of the human
erythrocyte [16]. Especially when combined with differential scanning
calorimetry (see [17]), FTIR spectroscopy can be a powerful tool to inves-
tigate both the selectivity and stoichiometry of lipid/protein interactions,
as well as the effects of protein and peptide incorporation on lipid bilayer
thermotropic phase behavior and organization (see [18]).
2.1.2. CH2 deformation, CH2 wagging and CH2 rocking vibrational modes
A common feature of the wagging and rocking vibrations of CH2
groups on all-trans segments of polymethylene chains is the coupling
of the vibrations of individual groups to form band progressions, the
frequencies, spacings and intensities of which are determined by
the length of the all-trans segments. Moreover, in cases where the
polymethylene chains are linked to a polar group, as is usually the
case with membrane lipids, these vibrations may couple to one of
the polar group fundamentals and signiﬁcant enhancement of the in-
tensities of these band progressions may occur [10–14,19–21]. The in-
troduction of gauche conformers into all-trans polymethylene chains
reduces the mean lengths of the residual all-trans polymethylene seg-
ments, signiﬁcantly weakens the internal coupling of both the CH2
wagging and rocking CH2 vibrations, and usually uncouples these vi-
brations from those of the polar group. The overall effect of these fac-
tors, in combination with the nonspeciﬁc increases in band width and
decreases in band intensity that occur at hydrocarbon chain-melting
events (see above), is to diminish the intensities of CH2 wagging
and CH2 rocking band progressions to the extent that they essentially
disappear from the IR spectra of most lipids when their hydrocarbon
chains melt. This property has been exploited in FTIR spectroscopic
studies of hydrocarbon chain-melting phase transitions in fatty
acids and glycerides [22,23], and in studies of lipid hydrocarbon
chain-melting phase transitions in both model and biological mem-
branes [24–28]. However, although the disappearance (or marked
diminution in the intensities) of these band progressions will always
occur at hydrocarbon chain-melting phase transitions, this change
may not be unique to such events. This is because the wagging and
rocking vibrations of lipid CH2 groups are often coupled to one of
the fundamental vibrations of the attached polar group and will
therefore be sensitive to its conformation. Consequently, marked
changes in the properties of these band progressions may also be in-
dicative of conformational changes that alter the orientation of the
polar group relative to the attached polymethylene chain. Although
the latter is more likely to occur at hydrocarbon chain-melting
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sions between gel and/or crystalline lipid polymorphs. Thus, marked
changes in the intensities of the CH2 wagging and CH2 rocking band
progressions should be taken as indicators of hydrocarbon chain-
melting phase transitions only if supported by other evidence.
Theproperties of the CH2 deformation andCH2 rockingbands are de-
termined primarily by the lateral packing interactions between hydro-
carbon chains [29,30] and are not directly dependent upon their trans–
gauche rotamer content. This property of these bands is particularly
valuable because the FTIR spectroscopic indicators speciﬁc to the confor-
mational disordering of lipid hydrocarbon chains (see above) generally
provide little information about the detailed structure of the low tem-
perature phase and thus the nature of the hydrocarbon chain-melting
transition itself. An examination of the deformation and/or rocking
bands before the onset of the hydrocarbon chain-melting process can
provide useful information about the mode of hydrocarbon chain pack-
ing prior to chain melting. This, in turn, may permit the identiﬁcation of
the type of Lc or Lβ phase initially present and thus about the type of hy-
drocarbon chain-melting phase transition being observed. The structur-
al information carried in the contours of the CH2 deformation and CH2
rocking bands is examined in greater detail later.
2.2. Phase transitions involving nonlamellar lipid phases
The formation of lamellar structures is an intrinsic property of amphi-
pathic lipidmoleculeswhich assume an overall cylindrical shape (i.e. the
effective cross-sectional areas of the hydrocarbon chains and the polar
headgroup are comparable). Lamellar structures always occur in crystal-
line and gel-like lipid assemblies where their polymethylene chains are
in the all-trans conformation, and may also occur in ﬂuid-like lipid
phases where the hydrocarbon chains are conformationally disordered.
However, lipids with conformationally disordered hydrocarbon chains
may also self-assemble into various nonlamellar structures. In particular,
lipids whose polar headgroup cross-sectional areas are greater than that
of their melted hydrocarbon chain or chains will form normal micellar
phases, while lipids whose polar headgroup areas are smaller than the
cross-sectional areas of their melted hydrocarbon chains will form re-
verse cubic or hexagonal phases [6,7]. Thus, depending on the structure
of the lipids and on the particular conditions of the experiment, transi-
tions between lamellar and nonlamellar lipid phases, and between vari-
ous nonlamellar lipid phases, may occur [6,7]. At present, the use of FTIR
spectroscopy to detect and characterize these types of lipid phase transi-
tions is probably the least developed of the applications discussed here.
In part, this can be attributed to the fact that lipid hydrocarbon chain-
melting phase transitions may occur simultaneously with lamellar–
nonlamellar phase transitions and, in many instances, spectroscopic
changes speciﬁc to the conversion from a lamellar to a nonlamellar
phase (and vice versa) are obscured by the larger and more distinctive
spectroscopic features of the hydrocarbon chain-melting process.
Under such circumstances, FTIR spectroscopywould easily detect the oc-
currence of a chain-melting phase transition but would give little or no
indication of whether the melted form of the lipid is lamellar or not.
For example, when aqueous dispersions of 1-octadecyl-2-acetyl phos-
phatidylcholine (platelet-activating factor) are heated to temperatures
near 22 °C, a transition from a lamellar gel phase with fully extended
hydrocarbon chains to a Type I (or normal) micellar phase with
conformationally disordered (melted) hydrocarbon chains is observed
[31,32]. Among the IR spectroscopic changes observed at this phase tran-
sition are discontinuous increases in the frequency and bandwidth of the
sνCH2and asνCH2bands and a discontinuous decrease in the frequency of
the ester carbonyl stretching (νC=O) band. The changes in the sνCH2
and asνCH2 bands are diagnostic of an increase in hydrocarbon chain
conformational disorder, whereas the change in the ester νC=O band is
consistent with an increase in the polarity and/or hydration of the
polar–apolar interfacial region of the lipid assembly (see below). Howev-
er, such structural changes are also typical of the Lβ/Lα phase transitionsthat are commonly observed in most fully hydrated lipid bilayers, and
the magnitudes of the spectroscopic changes observed at these
transitions are usually only slightly smaller than that observed at the
lamellar/micellar phase transition of platelet activating factor. Conse-
quently, it is difﬁcult to identify a set of spectroscopic changes that are
uniquely characteristic of the lamellar/micellar phase transition of this
material. The above emphasizes the general problem with using FTIR
spectroscopy alone to detect lamellar/nonlamellar lipid phase transitions.
Despite these difﬁculties, FTIR spectroscopy has been successfully
used to detect and characterize interconversions between the lamel-
lar liquid–crystalline (Lα) and inverted hexagonal (HII) phases of hy-
drated phospholipids [33–35]. It has been shown that the Lα/HII phase
transition of hydrated phosphatidylethanolamines (PEs) is accompa-
nied by a small discontinuous increase (about 1 cm−1) in the fre-
quency of the sνCH2 band, a small increase (about 4 cm
−1) in the
frequency of the ester νC=O band, and a small increase (about
3 cm−1) in the frequency of the phosphate asymmetric stretching
(as νPO2−) band (Fig. 2). These observations indicate that the Lα/HII
phase transition of this lipid is accompanied by an increase in hydro-
carbon chain conformational disorder, as well as a small decrease in
the hydration of the polar–apolar interfacial and polar head-group re-
gions of the lipid assembly, conclusions consistent with structural al-
terations that accompany the conversion of a lamellar phase to an
inverted nonlamellar structure [7]. However, the Lα/HII phase transi-
tions studied above are cooperative thermotropic processes that are
not coupled to the melting of the lipid hydrocarbon chains. Thus, al-
though the observed spectroscopic changes are small and not neces-
sarily unique to lamellar–nonlamellar phase transitions, correlations
between these spectroscopic changes and structural events accompa-
nying the Lα/HII phase transition were possible. However, comparable
correlations cannot be conﬁdently established if the lamellar–nonlamellar
phase transition is very broad, is coupled to themelting of the lipid hydro-
carbon chains (e.g. Lβ/HII phase transitions), and/or the reorganization of
crystalline polymorphic forms of the lipid occurs (e.g. Lc/HII phase transi-
tions). In principle, these spectroscopicmarkers can also be used to detect
and characterize phase transitions involving other inverted nonlamellar
structures (e.g. inverted micellar and inverted cubic phases), provided
that the phase transitions are fairly cooperative and uncoupled from
major structural events such as hydrocarbon chain melting or crystalline
reorganization. However, to our knowledge a systematic attempt atmak-
ing such correlations has not yet been reported.
Brandenburg et al. [36] observed that there are signiﬁcant varia-
tions in the IR frequencies of the sνCH2 bands exhibited by the melted
phases of a series of lipid A analogs and suggested that the observed
variations can be correlated with changes in the nature of the lipid
assemblies formed (i.e. whether Lα, micellar or HII). This latter obser-
vation is consistent with the expectation that hydrocarbon chains in
micellar aggregates are more conformationally disordered than
those of Lα aggregates. This approach implies that each of these
lipid assemblies is associated with a discrete, non-overlapping range
of attainable hydrocarbon chain conformational disorder. This general
principle also forms the basis of the use of FTIR spectroscopy in stud-
ies of micellar sphere to rod transitions [37]. However, it is not clear
whether all available experimental data are consistent with this prin-
ciple, nor whether the range of hydrocarbon chain conformational
disorder occurring in any liquid–crystalline lipid phase is comparable
to that which occurs in all lipid phases of that type. Further studies
are required to clarify these issues.
2.3. Phase transitions involving crystalline lipid phases
In crystalline and/or quasi-crystalline lipid phases, lipid packing is
tight and the rates and amplitudes of molecular motions are sufﬁ-
ciently low that IR bands tend to be very sharp and to be dominated
by close-contact interactions between lipid molecules. Such interac-
tions include speciﬁc modes of hydrocarbon chain packing, speciﬁc
Fig. 2. Comparison of the temperature dependence of the sνCH2 , νC=O and asνPO2− bands of egg yolk PE at the Lβ/Lα and Lα/HII phase transitions of the lipid. Panel A: The sνCH2 band.
Redrawn from [33] (with permission). Panel B: The νC=O band. Redrawn from [33] (with permission). Panel C: The asνPO2−band. Redrawn from [33] (with permission). The arrows
indicate the approximate mid point of the Lα/HII phase transition.
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headgroup–headgroup and headgroup–solvent interactions. Because
of this, the contours of the absorption bands exhibited by crystalline
and quasi-crystalline lipids tend to be characteristic of the particular
structure of crystalline or quasi-crystalline lipid phase concerned
(see below), thus making the detection and the assignment of
phase transitions involving such lipid phases fairly facile. For
example, phase transformations between the metastable and the
stable quasicrystalline forms of both the short-chain, n-saturated
diacyl phosphatidylcholines (PCs) and n-saturated β-D-glucosyl
diacylglycerols are accompanied by the collapse of the correlation
ﬁeld splitting of the CH2 scissoring bands and by a change in the
ﬁne structure of the νC=O bands [38–40]. The drastic nature of
the spectroscopic changes observed, and the fact that spectroscopic
characteristics of crystalline lipids persist before and after the
phase transition, make the detection and assignment of those
particular phase transitions straightforward. Although transforma-
tions between different crystalline or quasi-crystalline polymorphs
may not always involve major spectroscopic changes, these pro-
cesses usually involve spectroscopic changes that are sufﬁciently
distinct to enable detection and correct phase assignment. Similar-
ly, detection and assignment of phase transitions between the
quasi-crystalline and Lβ-type gel phases of lipids is usually a straightfor-
ward process, characterized by the appearance/disappearance of the
spectroscopic features characteristic of crystalline lipid phases while
retaining the spectroscopic features characteristic of all-trans hydrocar-
bon chains. Thus, for example, at the Lc/Lβ phase transitions of
longer-chain iso-branched diacyl PCs, a 4–5 cm−1 decrease in the fre-
quency of the CH2 scissoring band (from 1473 to 1468 cm−1) and the
loss of the ﬁne structure of the νC=O band is generally observed [41].
However, during that process the frequency of the sνCH2 and asνCH2
bands remains unchanged. In this instance, these spectroscopic obser-
vations provide clear evidence that the quasi-crystalline structure of
the Lc phase breaks down prior to the melting of the lipid hydrocarbon
chains, thereby enabling the detection and unambiguous assignment of
such structural changes as Lc/Lβ lipid phase transitions. However, there
are circumstances where some lipids may exhibit a comparable array of
spectroscopic changes in the absence of any discernible phase transi-
tion. For example, when the Lβ phases of long-chain n-saturated diacylPCs are cooled to temperatures well below the hydrocarbon
chain-melting phase transition temperature, a pronounced crystal-
ﬁeld splitting of the CH2 scissoring band (a feature usually associated
with crystalline or quasi-crystalline lipid phases) does occur in the
absence of any discernible lipid phase transition. Although in this par-
ticular case the absence of signiﬁcant changes in the νC=O bands pro-
vides a clear indication that a crystal-like lipid phase was not formed,
the situation may not always be that clear. Consequently, some caution
should always be exercised when vibrational spectroscopy is the sole
means available to detect and assign such phenomena.
Finally, we note that the generally distinctive features of crystalline
lipid phases also enable facile detection of phase transitions between
crystalline and melted lipid phases. In such cases, the disappearance
of the spectroscopic features of the crystalline phase is also accompa-
nied by spectroscopic changes characteristic of the hydrocarbon
chain-melting process (see above). However, as stated previously, the
FTIR spectroscopic signatures of the various melted forms of lipids are
not sufﬁciently distinct to enable reliable differentiation of these phases.
Consequently, FTIR spectroscopywill enable effective detection of crys-
talline to liquid–crystalline phase transitions but cannot uniquely iden-
tify the type of liquid–crystalline phase being formed.
3. Structural characterization of liquid-crystalline phases
3.1. Estimation of per-chain conformer concentrations in melted
hydrocarbon chains
One of the approaches utilized was derived from previously
published studies of the bond vibrations of molten n-alkanes [17,42]
and provides estimates of the per-chain concentrations of various
nonplanar conformers (i.e. kinks, double gauche, end gauche, etc.).
This approach is based on the assumption that the rotational isomeric
state model proposed by Flory [43] gives an accurate representation
of the conformational states that exist in melted lipid hydrocarbon
chains and exploits the fact that the frequencies of some CH2 vibra-
tional modes are conformationally sensitive and give rise to speciﬁc
absorption bands that are sufﬁciently well resolved to be usefully in-
terpretable in terms of the concentrations of the various conformers
present. The CH2 wagging bands between 1300 and 1400 cm−1 are
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gion of the IR spectrum, which, with the exception of the CH3 um-
brella band (i.e. the CH3 symmetric bending band), is essentially
free of interference from other IR-active groups. Also, being of reason-
able intensity, these bands are easily resolved against background
noise and water vapor. For lipids with linear hydrocarbon chains
and thus a single terminal methyl group, the CH3 umbrella band
centered near 1378 cm−1 is sufﬁciently well resolved from the CH2
wagging bands to permit fairly accurate estimates of the frequency
maxima and areas of both the CH3 umbrella and CH2 wagging bands
of interest (Fig. 3). Moreover, because the IR absorption characteris-
tics of the former are insensitive to hydrocarbon chain conformation
[43], the CH3 umbrella band can be used as an internal standard
against which the intensities of the neighboring CH2 wagging bands
can be scaled, thereby facilitating comparison and analysis of spectra
acquired under widely varying conditions. However, interpretation of
the appropriately scaled areas of the CH2 wagging bands in terms of
conformer concentrations does require estimates of the intrinsic ab-
sorptivities of the bands assigned to the various conformers. To obtain
such estimates, Holler and Callis [44] used Flory's rotational isomeric
state model [43] to calculate per-chain conformer concentrations in
molten heptadecane and the appropriate absorptivity coefﬁcients of
the various conformers were determined by relating the calculated
per-chain conformer concentrations to the experimentally deter-
mined scaled integrated areas of the assigned absorption peaks.
These absorptivity coefﬁcients have been used to estimate hydrocar-
bon chain conformer concentrations in sodium dodecyl sulfate (SDS)
micelles [44], the Lα phases of hydrated PCs [45–47], and the HII
phases of hydrated PEs [46]. The results of such studies indicate
that, as expected from previous theoretical work [48,49], kink con-
formers predominate as sources of hydrocarbon chain conformational
disorder in hydrated, liquid–crystalline lipid assemblies [44–46], that
the gauche conformer content of phospholipid hydrocarbon chains in-
creases with the temperature [46] and the length of the hydrocarbon
chain [45], and that conversion from the Lα phase to the HII phase is
accompanied by an increase in the gauche conformer content of the
hydrocarbon chains [47]. Also, such studies have shown that the
gauche conformer content in the hydrocarbon chains of highly asym-
metric mixed-chain lipids is greater than that found in symmetric
chain lipids with the same number of carbon atoms in its hydrocar-
bon chains [47]. However, despite the success of this procedure andFig. 3. Infrared absorbance spectra showing the CH2wagging bands of DPPC. The solid line
shows the contours of the spectrum acquiredwhereas the dashed lines show estimates of
the contours of the assigned subcomponents indicated. Data obtained from [45].the obvious simplicity of implementing it experimentally, one should
note that there are limitations to its general applicability. By deﬁni-
tion this procedure can only be applied to systems in which the ob-
served CH2 wagging absorptions arise exclusively from the lipid
hydrocarbon chains. This is signiﬁcant because it effectively elimi-
nates the application of this procedure to many biologically or phar-
macologically interesting systems (such as mixtures of lipids with
peptides, drugs, sterols, steroids and other amphiphiles), where
quantitative information on the conformational disposition of the
lipid hydrocarbon chains is desirable. Also, because the absorption
bands of interest originate from CH2 groups on all the hydrocarbon
chains present, this procedure cannot be used to quantify conforma-
tional disorder in the hydrocarbon chains of a speciﬁc lipid in a lipid
mixture. In principle, such problems could be circumvented by
perdeuterating the hydrocarbon chains of the additives or other com-
ponents of the lipid mixture. However, this option would be costly to
implement and the presence of overlapping absorption bands arising
from the any residual CHD groups may also markedly decrease the ac-
curacy with which these measurements could be made [47].
The procedure outlined above has an absolute requirement for a
conformationally insensitive band against which the intensities of
the CH2 wagging bands can be scaled. For most lipids, the CH3 um-
brella band is the probably the only absorption band that can ade-
quately meet this requirement and, consequently, this procedure
can only be applied to systems in which this band arises exclusively
from a single CH3 group at the end of lipid hydrocarbon chains. This
requirement effectively eliminates the use of this procedure to quan-
tify conformer concentrations in many biologically relevant lipid
membrane systems for which terminal methyl groups are not present
(e.g. lipids with ω-cyclopentyl, ω-cyclohexyl or ω-cycloheptyl fatty
acyl chains), systems that contain two or more methyl groups per
chain (e.g. those with methyl isobranched, methyl anteisobranched,
ω-tertiary butyl and isoprenoid-based hydrocarbon chains) or, in-
deed, other systems in which methyl groups from sources other
than the terminal methyl groups of the hydrocarbon chain are
present (e.g. lipid/cholesterol or lipid/protein mixtures). Another
fundamental problem that limits the overall accuracy of this proce-
dure is the fact that it is based on the assumption that the absorption
band near 1367 cm−1 arises exclusively or at least primarily from the
wagging vibrations of CH2 groups involved in kink conformers. Such
an assumption may approximate the behavior of hydrated liquid–
crystalline lipid assemblies [48–50], but it may not be valid with mol-
ten alkanes which, nominally, are more conformationally disordered.
Thus, with molten alkanes, CH2 groups in gauche–trans–gauche (gtg)
sequences and in kinks (gtg′) both contribute to the IR absorption
near 1367 cm−1 and, indeed, the IR absorption by the gtg sequences
may well be the more intense [15]. These considerations are impor-
tant because alkanes are currently the only materials from which
the appropriate absorptivity coefﬁcients can be calculated. Thus, the
required absorptivity coefﬁcients determined from the IR spectra of
alkanes (particularly that assigned to kink conformers) may not be ac-
curate for hydrated lipid assemblies, because the conformational prop-
erties of liquid alkanes are not identical to those of liquid–crystalline
lipid assemblies. However, this proceduremaywell yieldmore accurate
results if methods can be developed for obtaining the necessary absorp-
tivity coefﬁcients in a form that is directly applicable to hydrated liquid–
crystalline lipid assemblies.
3.2. Distribution of chain conformers along lipid hydrocarbon chains
The other approach to the quantiﬁcation of conformational disor-
der in the hydrocarbon chains of liquid–crystalline lipid assemblies is
also based on the assumption that Flory's rotational isomeric state
model [43] gives an accurate representation of the conformational
states that exist in melted lipid hydrocarbon chains. Previous studies
of n-alkanes demonstrated that the frequency of isolated CD2 rocking
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methylene units [51–53], but the intrinsic absorptivity of the CD2
rocking band is independent of whether the CD2 group is adjacent
to a trans sequence or a sequence containing gauche conformers
[52,53]. The relative intensities of the CD2 rocking bands of speciﬁcal-
ly chain-deuterated lipids can thus be interpreted in terms of the
relative concentrations of gauche and trans conformers adjacent to
the CD2 group. This technique has been exploited in studies of the
conformer distribution in speciﬁcally 2H-labeled n-alkanes [54] and
has been applied to hydrated phospholipids by Mendelsohn and
colleagues [46,55–57], who demonstrated that a study of a series of
speciﬁcally CD2 labeled lipid analogs would enable the construction
of a low-resolution picture of the positional distribution of the gauche
conformers along the length of the lipid hydrocarbon chain. However,
this approach requires the synthesis of a number of speciﬁcally
CD2-labeled lipid analogs and is therefore quite expensive to im-
plement. Also, when used to study hydrated lipid assemblies, the
analysis of the CD2 rocking bands is technically more demanding,
because it requires the resolution of intrinsically weak absorption
bands against a background of strong absorptions by other IR-
active groups in the sample. Nevertheless, this procedure does
offer signiﬁcant advantages and is versatile enough to enable the
quantiﬁcation and localization of conformational disorder in lipid
hydrocarbon chains in the presence of proteins, sterols, drugs,
etc., and can also be adapted to study the hydrocarbon chains of
speciﬁc lipids in a lipid mixture. To date, it has been used to exam-
ine hydrocarbon chain conformational disorder in pure PC and PE
bilayers, and to examine how lipid hydrocarbon chain conforma-
tional disorder is affected by the presence of cholesterol and the
antibiotic peptide gramicidin A [57]. Such studies have shown
that, as expected, the local concentrations of gauche conformers in-
crease towards the methyl termini of lipid hydrocarbon chains and
that the inclusion of cholesterol or hydrophobic peptides into
phospholipid bilayers decreases the conformational disorder in
the liquid–crystalline state while increasing that of the gel phase.
This approach is particularly powerful when combined with 2H NMR
spectroscopic studies of the same speciﬁcally chain-perdeuterated
phospholipid, since this permits the determination of both the local
and overall orientational disorder, respectively, at speciﬁc positions
along the hydrocarbon chain [58–60].
4. Structural characterization of crystalline and
quasi-crystalline phases
4.1. Lateral packing of lipid hydrocarbon chains
The contours of CH2 scissoring and rocking bands exhibited in the
IR spectra of lipids with all-trans polymethylene chains are largely
determined by lateral interchain interactions and thus can provide in-
formation about the organization of hydrocarbon chains in crystalline
lipid assemblies. Speciﬁcally, such studies can provide information
about the subcell into which the lipid hydrocarbon chains are packed
and, depending upon the type of subcell, about the orientation of the
lipid chains within the unit cell, as well as the mean sizes of the
subcell domains. Moreover, this structural information is simulta-
neously encoded in both the CH2 scissoring and the CH2 rockingTable 1
Frequencies (cm−1) of the CH2 scissoring and the CH2 rocking bands of infrared spectra
characteristic of three commonly observed hydrocarbon subcells.
Subcell CH2 scissoring CH2 rocking
Orthorhombic perpendicular(O⊥) 1465, 1473 720, 731
Triclinic parallel (T//) 1473 718
Hexagonal (H) 1469 720bands and, as a result, it is rarely the case that these two modes
need to be simultaneously studied. Table 1 is a listing of the IR fre-
quencies of CH2 scissoring and the CH2 rocking vibrations characteris-
tic of some commonly observed modes of hydrocarbon subcellular
packing. The subcellular packing modes listed therein are only a
small subset of those known to exist [61], and an even smaller subset
of those that are theoretically possible [60–64]. To our knowledge, the
subcells listed in Table 1 are the only ones for which deﬁnitive spec-
troscopic data are currently available and little theoretical work on
subcells other than the orthorhombic perpendicular (O⊥) has been
done. The limited range of observed packing modes can be attributed
to the fact that most of the theoretically possible subcells are not en-
ergetically favored by the types of lipids studied so far. Nevertheless,
it is clear that the subcells listed in Table 1 exhibit distinguishable sig-
natures in the CH2 scissoring and CH2 rocking regions of the IR spec-
trum, features that should enable a straightforward identiﬁcation of
hydrocarbon chains that are packed in triclinic parallel (T//), ortho-
rhombic perpendicular (O⊥) and hexagonal (H) subcells. However,
because the comparable spectroscopic signatures of all other types
of hydrocarbon subcells have not yet been observed or determined,
such identiﬁcations can only be tentative in the absence of other
data. The limited amount of experimental and theoretical work on a
wider range of hydrocarbon subcells is a major obstacle to the more
widespread use of vibrational spectroscopy for the determination of
crystalline lipid structure.
For those lipids whose hydrocarbon chains are packed in O⊥
subcells, other structurally signiﬁcant information may also be
gleaned from studies of the CH2 scissoring and CH2 rocking bands.
In this particular packing format the zig-zag planes of each hydrocar-
bon chain are perpendicular to those of its four nearest neighbors
and, as a result, the CH2 scissoring and CH2 rocking absorption
bands are both split because of interactions between the vibrations
of CH2 groups on the orientationally inequivalent chains [15,29].
The resulting splitting (usually called crystal-ﬁeld splitting, factor-group
splitting or correlation-ﬁeld splitting) causes both the CH2 scissoring
and CH2 rocking bands to each appear as two sharp bands, the transition
moments of which are polarized along different axes of the ab plane of
the unit cell [29]. However, if it is assumed that the transition moment
of each of the coupled CH2modes between neighboring chains can be ap-
proximated by a linear combination of the unperturbed transition
moments of the neighboring chains, one can demonstrate that the ratio
of the integrated intensities of the two components of the crystal-ﬁeld
splitting should be related to the angle q between the zig-zag plane of
the hydrocarbon chain and the a axis of the crystallographic unit cell
[29]. Such information is particularly valuable because it enables one to
evaluate the extent to which the observed O⊥ subcell deviates from the
ideal, i.e., q=45°. Any deviation observed is usually a reﬂection of the in-
ﬂuence of so-called ‘end group effects’ [61]. This approach to the structur-
al interpretation of this particular type of spectroscopic data was
developed in studies of solid hydrocarbons [29] and has since been ap-
plied to hydrated phospholipid bilayers [65–69]. However, although it
is theoretically possible for either the CH2 scissoring or CH2 rocking
bands to be used to make these measurements, the fact that reasonably
accurate estimates of the areas or the crystal-ﬁeld components are re-
quired limits the usefulness of the CH2 scissoring bands for this particular
application. This is because accurate estimates of the areas of the CH2 scis-
soring band components of many lipids cannot be easily obtained, owing
to the presence of overlapping absorptions arising from either the
end-methyl groups of the hydrocarbon chain or other vibrationally active
groups located in the lipid polar headgroup or the solvent. The CH2
rocking band is better suited for this particular type ofwork because it oc-
curs in a region of the spectrum that contains fewer overlapping bands. In
this regard, variations in the frequencies of the CH2 rocking/twisting and
CH2 wagging bands have been used to determine the conformational
order of the ﬁrst two CH2 groups of the two hydrocarbon chains of vari-
ous phospholipids in the gel state [70]. Moreover, by using phospholipids
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demonstrate that the two CH2 groups attached to the sn1 chain were
both trans, while the bond between the ﬁrst and second CH2 groups of
the sn1 chain were cis, just as predicted from single crystal X-ray diffrac-
tion studies.
Other interesting approaches to obtaining structural information
about lipid assemblies with hydrocarbon chains packed in O⊥ subcells
have been used by Lewis and McElhaney [40,71] and by Snyder et al.
[72]. In their studies of the Lc phase of DMPC and the interdigitated
gel phases formed by mixed-chain PCs with one hydrocarbon chain
approximately twice as long as the other (the so-called mixed
interdigitated gel phase), Lewis and McElhaney demonstrated that it
is possible to determine how the hydrocarbon chains of the lipid
molecules are arranged in the global O⊥ lattice. Their approach uses
speciﬁcally chain-perdeuterated lipids to selectively uncouple vibra-
tional interactions between hydrocarbon chains forming the O⊥
subcell, and exploits the fact that the hydrocarbon chains of
diacylglycerolipids are covalently linked to adjacent carbon atoms
on the glycerol backbone and are therefore constrained to occupy ad-
jacent sites in the global O⊥ subcellular lattice. Consequently, as ex-
empliﬁed by the data shown in Fig. 4, speciﬁc perdeuteration of one
of the two hydrocarbon chains of the lipid will result in a nonrandom
pattern of uncoupling of interchain interactions which, depending
upon how the two chains of each lipid molecule are arranged in the
lattice, will result in either the attenuation or complete collapse of
the crystal-ﬁeld splitting. Using this approach, these authors were
able to deduce that DMPC forms a stable Lc phase in which the sn1 and
sn2 chains of each lipid molecule are perpendicular to each other [42],
whereas with the mixed-interdigitated gel phases of highly asymmetric
mixed-chain diacyl PCs, the hydrocarbon chains of each lipid molecule
are probably parallel to each other [71]. In principle, the experimental
approach outlined above can be applied to all double-chained amphi-
philes and can even be extended to any triple-or quadruple-chained am-
phiphile that satisﬁes the requirement that the hydrocarbon chains of
each molecule occupy contiguous sites in the lattice. However, the cost
of synthesizing speciﬁcally chain-perdeuterated analogs may limit the
widespread use of this procedure.Fig. 4. The CH2 deformation regions of the infrared spectra exhibited by the
mixed-interdigitated gel phases of 1-eicosanoyl 2-dodecanoyl PC (left panel) and
1-decanoyl 2-docosanoyl PC (right panel). Regardless of whether the longer chain is
esteriﬁed at the sn1- or sn2-position of the glycerol backbone, the correlation ﬁeld
splitting is attenuated by perdeuteration of the short chains and completely collapsed
by perdeuteration of the long chains. The α-methylene CH2 scissoring band near
1418 cm−1 is unaffected by perdeuteration of the sn2-chains but disappears upon
perdeuteration of the sn1-chains. Data obtained from [71].Snyder et al. [72] have described another approach in which the
mean domain sizes of the hydrocarbon chains in an O⊥ lattice can
be estimated. The procedure involves measuring the magnitudes of
crystal-ﬁeld splittings (i.e. the difference between the peak frequen-
cies of the two components) of the CH2 and CD2 scissoring bands
exhibited by lipid samples with proteated and perdeuterated hydro-
carbon chains, respectively. It was demonstrated that with appropri-
ate assumptions about the probable shapes of the domains, the
magnitudes of these splittings can be interpreted in terms of a do-
main size reﬂecting the number of hydrocarbon chains involved. By
deﬁnition, the accuracy of the domain sizes determined is dependent
upon the assumptions made about the probable shapes of the do-
mains, assumptions that are not easily tested. This type of analysis
was originally applied only to single-chained lipid systems such as
alkanes and fatty acids [72,73], but has recently been extended to
study the gel state miscibility of PCs [74,75], and the formation of or-
dered lipid raft domains in a skin lipid model system [76] and in
sphingolipid/phospholipid/cholesterol mixtures [77].
4.2. Studies of the polar–apolar interfaces of lipid aggregates
The polar–apolar interfaces of lipid assemblies may contain one or
more vibrationally active groups from which signiﬁcant structural in-
formation can be obtained. Despite this, however, there have been
relatively few studies of groups located at lipid polar–apolar inter-
faces. Of these studies, the overwhelming majority have been direct-
ed at a characterization of bands exhibited by ester carbonyl groups of
1,2-diacyl glycerolipids. From studies of the gel and crystalline phases
of a wide range of diacylglycerolipids, it is clear that the contours of
the νC=O bands of such lipids can be very complex and can also
vary signiﬁcantly depending on factors such as hydrocarbon chain
length and structure [39,41,61,62,78], whether the acyl chain con-
tains an odd or an even number of carbon atoms [41,62], as well as
the chemical structure of the lipid polar head group [47,63,79–82].
Evidently, the structural arrangement and environment of lipid inter-
facial carbonyl groups are responsive to structural changes located at
sites remote from the bilayer polar–apolar interface [40,79]. The νC=O
bands of these lipids should therefore provide valuable insights into
the way in which the physical properties of the lipid bilayer are af-
fected by changes in the chemical structure of its hydrophobic,
headgroup and interfacial domains.
Relatively few studies dedicated to a detailed structural interpreta-
tion of the νC=O absorption bands of diacylglycerolipids have been
performed, possibly in part because the νC=O bands of such lipids are
summations of contributions of two ester carbonyl (C_O) groups. Con-
sequently, the structural interpretation of such data will require that
bands arising fromester C_Ogroups located at theprimary and second-
ary positions of the glycerol moiety be unambiguously identiﬁed and
assigned. However, the fact that lipid polar–apolar interfaces are very
sensitive to changes in the structure of the lipid molecule can itself con-
stitute a problemwhen traditional, seemingly straightforward chemical
modiﬁcation methods are used to aid such assignments. For example,
Levin et al. [83] attempted to assign the νC=O absorption bands of the
sn1-and sn2-ester carbonyl groups of 1,2-diacyl glycerolipids by com-
paring the νC=O bands of the 1-acyl 2-alkyl and the 1-alkyl 2-acyl deriv-
atives of dipalmitoylphosphatidylcholine (DPPC). They concluded that
the absorption patterns of sn1-and sn2-ester carbonyl groups differ sig-
niﬁcantly because of the conformational inequivalence of the sn1-and
sn2-ester carbonyl groups. Implicit in this experimental approach is
the assumption that νC=O absorption by any one of the two ester groups
of the lipid will not be affected when the adjacent acyl-linked hydrocar-
bon chain is replaced by its ether-linked counterpart. However, recent
studies of hydrated bilayers composed of the same two derivatives indi-
cate that this assumption does not hold [69,84]. The latter authors ob-
served that fully hydrated samples of the 1-acyl 2-alkyl and the 1-alkyl
2-acyl derivatives of DPPC exhibit very similar patterns of νC=O
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by the corresponding 1,2-diacyl glycerolipid. This observation suggests
that the properties of the polar–apolar interfaces of the two acyl-alkyl
glycerolipid derivatives differ sufﬁciently from those of their diacyl
counterpart to make them inappropriate models for the identiﬁcation
and assignment of sn1 and sn2 νC=O absorptions of their diacyl
glycerolipid analog. Such observations clearly emphasize the difﬁculties
that may be encountered when traditional chemical modiﬁcation
methods are used to identify the patterns of IR absorption arising from
the sn1- and sn2-ester C=O groups of 1,2-diacylglycerolipids.
Other approaches to identifying and assigning the νC=O bands
speciﬁc to the sn1- and sn2-ester C_O groups of diacylglycerolipids
usually involve the study of lipids containing speciﬁcally isotopically
labeled carbonyl groups. In principle, 13C, 17O and/or 18O carbonyl-
labeled materials could all be used for such work [85]. However, in
practice the 13C_O labeled lipids are used almost exclusively because
the isotopically labeledmaterials for synthesizing the appropriate lipids
are available at relatively low cost andwith a high degree of isotopic en-
richment (about 99%). Moreover, as illustrated in Fig. 5, the isotopic
shift relative to the unlabeled C_O group is large enough (approxi-
mately 42 cm−1) to enable reasonably unambiguous resolution of the
two C_O groups. Speciﬁcally 13C_O labeled lipids have thus been
effectively used to differentiate between bands emanating from the
sn1-and sn2-ester carbonyl groups of various diacylglycerolipids
[40,70,83,86], and this has enabled more detailed structural interpreta-
tions of glycerolipid νC=O bands [40,71,87]. Such studies have indicated
that in the Lα and Lβ phases of fully hydrated 1,2-diacylglycerolipid bi-
layers, the sn1- and sn2-ester carbonyl groups exhibit similar patterns
of IR absorption. Indeed, these studies provide strong evidence that
the resolvable subcomponents of the νC=O bands observed under
such conditions are a summation of comparable contributions from
both ester groups and are not the result of inequivalent IR absorption
induced by the conformational inequivalence of the two ester C_O
groups. Moreover, it was also suggested that those resolvable subcom-
ponents could be attributable to differential IR absorption by subpopu-
lations of free and hydrogen-bonded ester carbonyl groups [86]. ThisFig. 5. The C_O stretching bands in the infrared spectra exhibited by the stable
crystal-like phase of DMPC. The absorbance spectra shown are redrawn from [40]. A.
Unlabeled DMPC. B. sn2-13C_O DMPC. C. sn1-13C_O DMPC. D. Doubly 13C_O DMPC.
E. Simulation of the unperturbed band contours of unlabeled DMPC as would be
expected in the absence of vibrational coupling. To obtain this spectrum, the
sn2-13C_O bands were upward adjusted by 42 cm−1 and added to the spectrum of
the s1-13C_O sample. F. A mixture 1:4 mixture of unlabeled and doubly 13C_O labeled
DMPC.latter suggestion seems compatible with previously reported high-
pressure FT-IR spectroscopic studies of anhydrous and hydrated sam-
ples of triacetin [88].
To date, relatively few studies using speciﬁcally isotopically labeled
diacylglycerolipids have been published [40,70,86,89,90], but these stud-
ies have provided valuable information about the structure and environ-
ment of the two carbonyl groups in various phospholipids. For example,
in studies of the Lc phases of n-saturated diacyl PCs, an unambiguous
identiﬁcation of the sn1- and sn2-ester carbonyl absorption bands en-
abled the identiﬁcation of vibrationally inequivalent sn1-and sn2-ester
carbonyl groups, whichwere themselves interpretable in terms of amin-
imal number of inequivalent lipid molecules in the crystallographic unit
cell and the relative degrees of interfacial hydration existing in those
quasi-crystalline phases [40]. Using similar approaches, fairly detailed
structural information has been extracted from FTIR spectroscopic stud-
ies of the mixed-interdigitated gel phases of some highly asymmetric
mixed-chain PCs [71] andof phosphatidylserine bound to various cations
[87]. Also, Hubner and Mantsch [89] were able to apply polarized
attenuated total reﬂection (ATR)/FTIR techniques tomacroscopically ori-
ented, fully hydrated DMPC bilayers to obtain information on the orien-
tations of the sn1-and sn2-ester carbonyl groups relative to the axis of
reorientation of the lipid molecule. Although comparable studies of the
quasi-crystalline gel states of hydrated lipid bilayers have not yet been
published, it is clear that signiﬁcant structural information is potentially
available from such studies as long as suitable macroscopically oriented,
speciﬁcally 13C_O-labeled ﬁlms of such lipid phases can be prepared.
Lewis and McElhaney [40] also demonstrated another aspect of
the usefulness of speciﬁcally isotopically labeled lipids in the struc-
ture determination of quasi-crystalline lipids. In their FTIR spectro-
scopic studies of the stable Lc phase of 13C-labeled DMPC, the
authors demonstrated the νC=O band contours normally observed in
the unlabeled (and the doubly 13C_O labeled) sample cannot be
reconstructed by a linear combination of the sn1 and sn2 absorption
bands of speciﬁcally 13C_O-labeled samples after appropriate correc-
tion for the isotopic shift (Fig. 5). The authors therefore suggested
that in unlabeled and doubly 13C_O labeled samples, the stretching
vibrations of subpopulations of sn1- and sn2-ester carbonyl groups
are perturbed because intermolecular close contact interactions re-
sult in the resonant coupling of those vibrations, a suggestion strongly
supported by other isotopic dilution experiments. Thus, because of
the speciﬁc 13C_O labeling, νsn1−C=O and the νsn2−C=O vibrations
resonate at different frequencies and, as a consequence, their vibra-
tions become uncoupled, thereby enabling the detection of this phe-
nomenon. These results provide an excellent example of the type of
detailed structural information that is potentially available from
FTIR spectroscopic studies of lipids with speciﬁcally isotopically la-
beled groups. Such techniques have been used in conjunction with
polarized ATR/FTIR spectroscopic studies of macroscopically oriented
materials and normal mode calculations to obtain very detailed
structural information on crystalline diacyl peroxides [91,92], but to
our knowledge have not yet been attempted with crystalline or
quasi-crystalline lipids.
In this work we have concentrated almost entirely on various ap-
proaches to the structural interpretation of the νC=O bands of acylat-
ed glycerolipids, mainly because relatively little work has been
performed on other interfacially located groups. However, the appli-
cation of comparable experimental approaches should also enable
one to obtain structurally relevant spectroscopic information from
other groups. For example, in recent studies of the gel phases of spe-
ciﬁcally chain-perdeuterated PCs, it was observed that perdeuteration
of the sn2 fatty acyl chains does not appreciably alter the intensity or
contours of the IR α-CH2 scissoring band near 1418 cm−1, whereas
perdeuteration of sn1 chains effectively suppresses all IR absorption
near 1418 cm−1 [51,70]. This observation suggests that the observed
IR absorption bands near 1418 cm−1 are primarily attributable to the
scissoring vibrations of α-CH2 groups located on sn1 fatty acyl chains.
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niﬁcantly to IR absorption near 1418 cm−1 is not clear. However, it
has been suggested that this may be a reﬂection of the conformational
differences between the sn1-and sn2-α-methylene groups [51]. If the
latter suggestion is correct, then these α-CH2 scissoring bands may
turn out to be useful carriers of conformational information about
that region of the acylated glycerolipid bilayers.
The amide I and amide II absorption bands of hydrated quasi-
crystalline sphingolipids are another set of interfacial vibrationally
active bands from which potentially useful structural information
about the polar–apolar interfaces of these bilayers can be obtained.
Unlike comparable studies of the acylated glycerolipids, however,
previously published studies of these lipids have concentrated almost
exclusively on a characterization of their overall IR absorption charac-
teristics [93,94], with relatively little detailed structural interpreta-
tion. However, because sphingolipids typically contain only one
amide-linked hydrocarbon chain, a structural interpretation of their
amide I and amide II bands may well be simpler than for the νC=O
bands of the diacylglycerolipids. Thus, in principle, careful study of
the amide I absorption bands of the quasi-crystalline phases of
sphingolipids should provide valuable information about the conforma-
tion and hydration of sphingolipid polar–apolar interfaces, and about
the number and types of vibrationally inequivalent sphingolipid mole-
cules in the unit cell. Also, it is possible to conduct amide H–D exchange
studies by monitoring changes in the intensity of the amide II band
when the sample is dispersed inD2O,which should provide information
about the hydration and hydrogen-bonding interactions in the polar–
apolar interfaces of such lipids. These types of studies should prove to
be even more powerful structure determination tools if they are
performed in concert with polarized spectroscopic studies of macro-
scopically oriented samples of such lipids.
4.3. Interactions between lipid polar headgroups
Lipid polar headgroups are another source of vibrationally active
groups from which potentially useful structural information can be
obtained. However, very little has been done by way of either charac-
terizing the vibrational spectra of structurally signiﬁcant groups lo-
cated on lipid polar headgroups or interpreting the structural
signiﬁcance of the spectroscopic data obtained. In part this can be at-
tributed to the fact that the study of these vibrationally active groups
may be complicated by the fact that their absorption bands are often
very broad, may be located in the midst of other bands, and may even
be obscured by adjacent or overlapping bands arising from the sol-
vent. Also, within the speciﬁc context of hydrated lipid bilayers, the
infrared activities of groups located on lipid polar headgroups will
generally be dominated by interaction with the solvent, even when
the lipids form quasi-crystalline lipid phases. Despite such problems,
however, considerable amounts of structurally signiﬁcant data should
still be obtainable by the judicious application of suitable experimen-
tal approaches. For example, in studies of the Lβ and Lα phases of
DMPC, it was demonstrated that information on the orientation of
the asνPO2− and sνPO2− transition moments (relative to the axis of
reorientation of the lipid) can be accessed through polarized
ATR-FTIR studies of macroscopically oriented bilayers [89,95]. In
principle, such experimental approaches could provide comparable
orientational information about the transition moments of any
headgroup-located IR- or Raman-active group which exhibits an
identiﬁable band whose intensity can be accurately measured. More-
over, because the formation of lipid quasi-crystalline phases involves
a decrease in the rates and amplitudes of headgroup motions, their
infrared absorption bands should be sharper and as a consequence,
the quasi-crystalline phases of such lipids may even be better suited
for such experiments. However, the interpretation of such experi-
ments may not necessarily be straightforward when applied to lipids
with phosphate- or sulphate-containing lipid polar headgroups,because absorption bands arising from the CH2 wagging band pro-
gressions will interfere with the absorption bands of interest
[26,27], thereby compromising the accuracy with which parameters
such as the peak maxima, peak areas and dichroic ratios can be mea-
sured. However, such problems could be circumvented by the use of
chain-perdeuterated lipids. Thus, despite the current lack of experimental
data and the technical problems likely to be encountered, it appears that
structure determination through spectroscopic studies of vibrationally ac-
tive groups located in lipid polar headgroups should be a viable exercise.
Although the structural interpretation of the spectroscopic data
from crystalline or quasi-crystalline lipids may appear to be straight-
forward, this may not always be the case. This is because the poly-
morphic phase behavior of lipids can be very complex and several
structurally distinct crystalline forms may exist simultaneously.
Moreover, interconversions between these various forms are often
slow and strongly dependent upon the prevailing experimental con-
ditions. Consequently, a given sample may consist of a mixture of
microdomains of different polymorphic forms of the lipid, and such
samples will exhibit complex spectra for which the recognition and
assignment of bands speciﬁc to individual components of such mix-
tures will be difﬁcult. Indeed, it may even be difﬁcult to determine
whether a given spectrum arises from a structurally homogenous
lipid sample or from one containing a mixture of structurally distinct
polymorphic forms. Clearly, such a circumstance can easily lead to in-
correct structural interpretations, no matter what physical technique
is applied. Moreover, because the polymorphic phase behavior of
each particular lipid may be unique and dependent on the prevailing
experimental conditions, standardized approaches to solving such
problems may not be easily developed. Solutions to this problem
will thus have to be sought on a case-by-case basis and could involve
the use of speciﬁc isotopic labeling, modern two-dimensional spec-
troscopic methods, and physical techniques other than infrared spec-
troscopy. Moreover, it is unlikely that a high-resolution picture of any
lipid phase can be constructed from vibrational spectroscopic data
alone. Consequently, FTIR spectroscopy should be viewed as one com-
ponent of the overall structure determination process which will re-
quire input from a wide range of physical techniques. Within such a
context, structural information gleaned from techniques such as
FTIR spectroscopy will form part of a set of constraining parameters
which can then be used to construct spectroscopically compatible
minimal structures which the aid of modern computer assisted mo-
lecular modeling techniques.
5. Concluding remarks
FTIR spectroscopy can and has been used to good effect in studies
of a broad range of structurally and conformationally interesting phe-
nomena in the ﬁeld of lipid and biomembrane research. Moreover,
against the current background of continuing improvements in the
quality and sensitivity of instrumentation, further innovations in
computer-assisted data analysis, and the ever present impetus to
both reﬁne current methodology and to develop newer approaches,
one can expect that these techniques will continue to provide the re-
searcher with many more viable options and tools with which to pur-
sue their investigations. However, it is also evident that there are still
large areas in this ﬁeld where the potential of IR spectroscopy is
underutilized. In these areas, most of the spectroscopic studies
performed to date have advanced to the point of an initial character-
ization of the spectroscopic properties of the lipid concerned and rel-
atively little effort have been expended to extend such work to
maximize the extraction of all structural information encoded in the
spectra obtained. Also, because most of the currently available data
have been obtained in studies of single-component model lipid mem-
branes, there is a need for considerably more work to extend some of
these approaches to more complex lipid model membranes, to pro-
tein and peptide-containing lipid model membranes and, ultimately,
2357R.N.A.H. Lewis, R.N. McElhaney / Biochimica et Biophysica Acta 1828 (2013) 2347–2358to biological membranes. However, this is not a trivial task and it will
undoubtedly require the mobilization of considerable synthetic and
spectroscopic skills which, by themselves, may not always be enough
to obtain all of the information desired. Therefore, the maximal ex-
traction of information encoded in IR spectra may also require the
use of other experimental techniques. Further developments in infra-
red spectroscopic applications to lipid research will be dependent
upon how well such challenges are met and upon the effectiveness
with which current and future innovations are incorporated into rou-
tine spectroscopic investigations.
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